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1 INTRODUCTION

Radars which use a directional receive beam can be rendered useless by interference
received in the sidelobes of that beam. The sidelobe canceller (SLC) attempts to suppress
such interference by subtracting from it an independent version which is identical in
amplitude and phase. The version is obtained by receiving the interference in one or
more auxiliary antennas and then appropriately adjusting its amplitude and phase to match
that in the main channel. The arrangement with one auxiliary is shown in fig 1. The
output can be considered to have been received by a composite antenna which has an
angular response equal to the difference of the main antenna's response and a scaled and
phased version of the auxiliary's angular response. The composite response will have a
directional mainlobe virtually identical to that of the main antenna, but will also have a
null in the direction of the interference.

Since the direction of interference cannot be known beforehand and since anyway it
may change with time, the auxiliary phase and amplitude must be adjusted automatically.
The appropriate settings are computed within the SLC from an adaptive algorithm based
in principle on comparing the amplitude and phase of the two (or more) versions of
interterence entering the SLC. The computation part of the SLC is not shown in fig 1
because it is not the subject of this report. (algorithms for the adaptive spatial nuiling of
interference are fully described in the literature: see for example [1,2,2].) Rather than
to study the algorithms themselves, which are intended to find the optimum seuing (given
the constraints of the SLC structure), it is easier and more instructive to consider what
the optimum amplitude and phase setting would be if the interference were completch
known. This report is intended to show that simple geometrical arguments can reveal the

performance of certain SLC svstems and that no adaptive—processing theory at sl
required.
The simplest, single-auxiliary svstem is analysed in section 2. This has onlv one

degree of freedom and can therefore perfectly null only a signali of one particula:
frequency arriving from one direction. Expressions are derived for the angular width and
the frequency bandwidth of the null in the composite antenna’s response. These allow us
to decide over what angular and frequency-spread the SLC can be considered to cancel
signals that arrive from a spread of directions or with a spread of frequency.

Throughout the report. examples are based on a system using RSRE's BYSON
antenna with onc auxiliary. Because of mechanical restrictions, this could not conform te
the simplest theoretical model mentioned above. The extra features of the BYSON-tvpe
system are included in the analysis of section 2. The analysis guides the placement of
the auxiliary horn to a position vertically above or below the centre of the main reflectos
Nevertheless. the system would not cope at all angles with jamming that occupied &
frequency band even only as wide as a typical radar-signal bandwidth (10 MHz)

We therefore investigate in section 3 the use of a simple transversal filter in the
auxiliary channel: a method often suggested for improving bandwidth performance [4]
Using the same approach as before, simple geometrical arguments show how the
transversal filter results in better performance; and again we are able to define the limits
of the improvement that could be obtained in the BYSON system. For svstems such as
BYSON with large electrical dimensions, there is a definite upper limit on the delay m
the transversal filter, which could be inconvenient in a digital implementation. Such
conclusions as this are summarised in section 4. The wider implications of the results are
also discussed in section 4.

2 ANALYSIS OF SLC WITH ONE DEGREE OF FREEDOM
2.1 Response of Simple Composite Antenna

We shall analyse the simple arrangement of fig 1 in order to establish the




procedures that will be used later for more realistic systems. To set up the SLC
initially, we postulate that interference with angular frequency wj reaches the antennas
at an angie 6; to the normal. We consider that the SLC sets y; in order 10 cancel
that irterference (no auxiliary amplitude—adjustment is needed in this simplest model
if we assume that both antennas have identical beam patterns). The phase difference
between the interference in the two channels is 2x8/M\; where & is the difference
between the paths from the source to each antenna, and xj is ihe wavelength of the
interference. From fig 1, & = d sin Hj.

v.o- —ﬂgsin 6.
c J

J

We wish to know the response of the resulting composite antenna as a function
of frequency and direction. This is done effectively by postulating a test signal with
variable direction ¢ and frequency «, which produces signals sy and sy at the
respective antennas. and then deriving the output s(#, «) of the composite antenna
To simplify further, we assums beith autennas are omnidirectional and that sy and $p
have unit amplitude.

Let
Jet
s = e
1
then
Jlat +
s, 3
where
wd
- = ~— sit.
C
Now
, Jlut + -~ = :Jl
3 = e
2

= exp[j[ut + %—d sin ¢ - ‘-"E]:—d sin ﬂj]]

S = s(t.w) = exp(jut) [1 - exp[j[‘% sin f - u—ld sin "j]H I

However, we are only concerned with the power response Is1< of the
composite antenna to the test signal

% ‘ .
ist - 55§ = 2 - 2cos [w—d sin 6 —idsm ¢ ] 02
c c i

Note that this function will take value between 0 and 4. An arbitrary value of 112
is taken as the limit below which the signal is considered to have been nulled In
this case, any value of 1512 < 4/1000 is taken to be part of the null This value
corresponds  to one thousandth of the peak response power. indicating where
cancellation is 30 dB or better.




211 Angular Width of the Null

To obtain the angular width of the null, Af, we need to know the angle ey
A6/2 at the edge of the null ((?j is assumed to be the centre of the null). At this
angle,

2 wd . . 2
ts - 2-2005,'C—sm [fj+-2—]-Tsm (’J, To00

At the jamming freguency, ie. « = @i and after expanding sin(“j + (Ar2)). (B
becomes

wjdad cos A = 0.998,

2¢ J

-1

An = 2c cos (0.998) -
«.d cos £ '

J J

The increase in null width Ar with angle of inridence “ s 10 be oxpected beiaos
the projected length of the composite aperture decreases.  Note also that A 1 a
function of d. ¢ and the nulling criterion (=30 dB in this case)

21.2 Frequency Bandwidth of the Null
To determine the frequency bandwidih of the null. Af. rearrange (21

a factor T in the argument of the cosine. In the direction of jamming. 1e¢ whe
fo= Hy

J

At the edge of the null,

. [ratd 1
2 ZH.L—C— s inf ] - TG
100,995,
A ¢ cos 0. 5.
rd sin*

Note that a null at boresight (¢, = 0) has infinite bandwidth, and that a< -,
increases in either direction, the {)andwidth decreases.  This is because the path
difference increases with angle of incidence. The phase—shift of a signal with anguin
frequency « due to a path length of | is -uwlc, which becomes more sensitne
changes in frequency as | increases. Although the phase-shift v can be set so that
jamming signals of frequency w; are in phase in the main and auxiliary channcis,
jamming coraponents with a frequency different from wj will not be as effectneh
cancelled as | increases.




213 The "phase-difference™ Surface

An important quantity for understanding the frequency-dependent nulling of
broadband jamming at any particular angle ﬂj is the surface

é;((‘j.éu) = <52((’J.L..,.j + duw) - <sl(('j, “.i + bud

- <s {(F @+ bu) 4+ o - <5 (0w, o+ bul (o
PR R T i LR R

, , d . .
Now, <s, - <s = (w, + dudt + (e, 4 bdul= sin A - (a4 blt
J J ¢ J J
d .
(e. + bu) — sin A
c

15 simply the frequency-dependent phase difference between the auxibary and
channels for broadband jamming at direction “ and centrea on o The addin o
as 1 (0}, merely sets this to zero at «

i J
w . d
. .o , d . J .
I L (w. + ol — sin F - —— gin .
J ¢ J ¢
L‘\;.d -
= —— sin ¢
C
Even after the phase-shifter. a frequency=dependent phase kit wah ool

d¢ sin “y remains. Jamming components with this phase diffcionce e o
from one “another in the SLC  The phase-difference suf o
R

i fig 2

Simple phasor arithmetic can show that the criterion for cancelling by 30 di -
more a jamming component with equal amplitude in the mam and auvihary channos
is that the phase differencc 141 should not exceed 36 The linear slope of the
surface &~ parailel to the frequency axis at the particular angle of jamnung o,
therefore determines over what range of éu the criterion is satisfied  Fig 2 allusiiaes
what was determined in section 2.1.2: that for jamming close to boresight o small,
the surface slopes gently with frequency. so the banuwiGu o the null i wod | for
jamming further away from boresight, the slope increaces, narrowing the bandwidth o
the null.

2.2 A Practical System

The system considered so far does not represent a real one consisting of 4
main reflector antenna {(eg BYSON) with a horn at its focus, and a separate auxiharn
horn. Fig.Ja is a plan view of a practical system, showing the extra distance in the
horizontal plane that the signal must travel to reach the main horn via the reflecto
(Here, the reflector is modelled as a plane for simplicity.) The extra distance, I,
a function of angle of incidence. By rearranging the geometry, as in fig 3b, it can
be shown that 1} = 2h cos ¢, where h is the distance betveen main horn and
reflector.  In the schematic, fig 4. it is more convenient to model }; as a negative
path length in the auxiliary channel, even though it actually occurs as an extia.
positive path length in the main channel As will be shown in section 222, |




severely degrades the bandwidth over which nulling occurs unless a compensating
delay-line of length Iy is also included in the auxiliary channel.

As before, the phase shift . is set to the difference in phase between s and
s 7. which are the input signals’ to the SLC for an initial signal with anguias
frequency «j and incident at ﬁj (for which 1y = 2h cos Pj) Thus

w.d [
- = - sine. + 1, - 2k cos 8.
i c J 2 J
= 2h cos (),

Then, for a test signal varying in « and # (for which |

_ Jut
5 e :
S, = 9\;)“[_( - L sin + - = |y, - ZhCOS!'J P ]l
2 l : c 2 ARl
Substituting for <y
!
s t d [ sin sin | :
PN O o O I s e - — |- - -
A B : ] | - )|
25 [ 1]‘ ‘\
+ — R - s '
< J J’J‘
Following & similar procedure o that an secticn 21 we obtmn the poac tosy
the system
2
S e e 2 Qecs S s .Sy S
I l
2h | ~
+— LS - w  Cusr N
c |
221 Angular Width of the Null
211 giees

The same procedure that was used in section

2¢ cos-1(0.998

AT w idcos+ - 2Zhsint
J J

)

Computed results for a system using BYSON are shown as a dotted hne n bip S
hne The null

For comparison. results computed from (4) are shown as a sohd
tends to be narrower in the practical system because of 1. which makes the effcitne




aperture of the system in fig 3a wider than that of the system in fig 1 at angles
away from boresight. Note from (8) that 3¢ is not affected by the choice of 1).

222 Frequency Bandwidth of the Null

Following the procedure in section 2.1.2. set ¢ = Pj in (7). so that in the
direction of jamming.

2 w - ow,

‘s‘ - 2 -2cos ! — (dsinf. + 2hcose. - 1.
c ] j 2
At the edge of the null,
2 2eos | 0 (gein P S
2 2co0s l - (dSIn’~i + 2hcos i 12]j 1600
cos_I(O 998)
ar o= < Rk v “

ridsine . + 2hcost . - 1,
J J -

The sohd hine in fig 6 is a result for a system based on BYSON with Iy set w0 7erc
This demonstrates that, without compensation for ;. the bandwidth of the null s
msufficient for cancelling broadband jamming. which will have a spectrum at jeast as
wide as the signal-bandwidth of the radar (say 10 MHz). The reason for this s tha
Iy s Jong. manmy times the wavelength of incoming radiation, so the phase-shinn i
mpants 1o the different frequency components of the jamming iy 4 sensiive funit
of the. angular frequency o The phase—shifter setting o
cencehution ot the central component -y

can oniv ensare perteys

It can be seen from (9) that nulling bandwidth at any angle IS d tunclie
I which can, an fact. be made infinite by choosing 13 = dan-, o+ Ihoes
However. lacking any prior knowledge of specific jammer directions, o1 any othe
guidance, we might choose la to compensate completelv for 1j at boresight (T hie
mamn antenna probably rotates anywayv, in which case, madentally, the auxiharny homn

should be mounted on the same rotating platform )  Then I = 2h and

AF - ¢ (‘05_110 geE,

1v[dsin(‘, + 2hicosH -1,-1-
l J J J

A plot of Af vs ¢; for the BYSON system (d = 22m. 2h = 12.24m) 1s shown as inc
dotted line in fig %)

Alternatively, since lj shortens as the angle of incidence increases in either
direcion from boresight. we might choosc I3 to be short as possible while still
allowing say 10 MHz nulling bandwidth for all angles around boresight. This would be
expected to provide 10 MHz nulling over the widest possible sector.  For a svstem
based on BYSON, it turns out that 13 = 2h - 0.43 metres. The dashed cure in fig ¢
15 a plot of Af with this value of Iy, Comparison with crrve 2 shows (hat the sectn
over which 10 MHz nuihng bandwidth is maintained is wider, at around S1°

However, a point to notice about (9) and fig 6 is that the response of the
system illustrated in fig 3a is not symmetrical about boresight, #, = 0. The reason
is that the system itself is not symmetrical about boresight. the auxiliary 1s displaced




to one side. Such displacement is often assumed in an SLC but there seems to be
no good reason 1or it. We therefore consider a system in which the auxiliary horn
is positioned in the vertical plane of boresight.

2.3 Practical System with Symmetry

Fig 7a shows a plan view of the arrangement. The auxiliary horn is positioned
behind the main horn by a distance p. A side view would show it also displaced
vertically to avoid obscuring the main horn from the reflector, but we are only
concerned with a horizontally-planar system for simplicity.

As before, by rearranging the geometry as in fig 7b, it can be shown tha( the
path length to the main horn is longer than that to the auxiliary by an amount
I} = (2h - p)os f. Given that 1} is different from before, fig 4 is still a vald

model for the symmetrical system.

The phase-shifter setting ,; will also be a different function of jamming
direction t?j, because the auxiliary is no longer set to one side.

w . (] - 1) w
- = J 2 1 - J . i - 1 1
7 R ——— = {12 (2h p)cos!-iJ

Then

) wily, - 1.
Sz(ﬂ.g} = EXP{J[ul - ___E____l_ + ;J]}

Substituting for |y and i

sé(“,u“ - e.\p{J[M - E {12 - (2h - p;o;s"]l-
- FJ {12 - {dh - Pk(us”j}]}
- exp{j[ut - ;» IZ + ﬂ‘___;P {ucost - LJCOS"J H

Again, following the same procedure as in section 2.1, the power response of
the system is

2

2h

1
st ,w) - 2 - 2cos] - P (wcosf - w . cosf ) - —2 (u - uﬂ,l
J c i J c i

clu
231 Angular Width of the Null

The same procedure that was used in section 2.1.1 gives




-1
kY - 2c cos (0.998) | ragians (11)
(2h - p)w.siné .
J J
0.01 .
P degrees, with the BYSON parameters (p = 1.24).
J

A8 for the symmetrical system is plotted as the dashed line in fig 5. The above
approximations break down for 6; within about 4  of boresight. Exact calculation
shows that the angular width of the BYSON system at boresight is 1.5°. It can be
seen from (11) that A6 does not depend on lj.

23.2 Frequency Bandwidth of the Null

The same procedure as in section 2.1.2 gives

-1
A - c cos (0.998) »
r{(2h-p)cos(‘j - 12}
Since 1} = (2h-p)cosf; shortens as the angle of incidence #; increases in either

direction from boresight, Iy should be made as short as possiblle while still allowing
10MHz nulling bandwidth at boresight. Then Iy = 2h-p-0.6 metres. Fig & is a plot
of Af with the BYSON parameters and this value of l;. It can be seen that a
nulling bandwidth of at least 10 MHz is achieved at all angles within 27 of
boresight. Although this is a slightly wider sector than was provided by the
unsymmetrical system considered in section 2.2 (the dashed curve in fig 6), 1t can be
seen by comparing the denominators of expressions (9) and (12) for practical svstems
with that of (5) for the simple system that the bandwidth of the null is reduced
separation of the main and auxiliary horns and by other physical features that
produce differences in path length from the jammer to the two horns These
features cannot usually be reduced indefinitely, and it has been demonstrated abowve
that inserting compensating lengths of cable increases the bandwidth onlv over a
certain angular sector. In the next section we examine an alternative method. based
on providing an extra degree of freedom to match the group delay of the auxiliary
channel to that of the main channel.

The dimension p in fig 7a, however, may be under the control of the SLC
designer, and therefore the factor (2h-p) that features in the above analyses. That
factor should be minimised in order to minimise the path-length difference between
the two channels and to maximise the nulling bandwidth. It could probably be
reduced to h, in which case the auxiliary horn would be directly above or below the
main reflector; but not much beyond that. Nevertheless, this would double the
nulling bandwidth achieved at larger angles from boresight compared with that in fig
8. Using (12) it can be shown that the angle up to which 10 MHz nulling
bandwidth is achieved is increased to 37 .

SLC USING A TRANSVERSAL FILTER
3.1 Introduction

The reason that the system considered in section 2.3 can null signals over a 10
MHz bandwidth only if they arrive from within 27" of boresight can be seen from fip




9. This shows the surface, introduced in section 2.1.3, of the phase difference &,
between the frequency components of jamming in the main channel and in the
auxiliary after the phase shifter, for angles of arrival ¢; of the jamming between

~80" and +80° and for components with frequency offset é* between :5 MHz of wj-

6@(9J.,6w) - <52(0J., wJ. + dw) - <sl(0J., wj + dw)

-dw
c

{12 - (2h - p)cosﬁj} (from section 2.3) (13)

As before, at any angle 0j. §p is a linear function of fre~ ~3cy. The
group—-delay difference 6D between channels is

P l, - (2h - p)cosét
0 - [gu] .2 )
€

o bw c

J
(This is simply the difference in path lengths of the two channels, divided by the
velocity of propagation.)

A single phase-shifter cannot change the phase-slope or group-delay of the
auxiliary channel, and cannot compensate for the group-delay difference sD In
order to improve the bandwidth performance of the system, we must replace the
phase shifter with a filter that can adjust its phase slope to be the opposite of that
of &. at the angle of jamming f:. The whole point of any "processing" in the
auxiliary channel is to mirror the Hunction <sy(fw) = <51((‘j‘“) for any given .
so that §(f;.6w) = O over the signal bandwidth ¢" the radar. “(In practice, it shnufd
also attempt to match isp(ti.w)t with |51(t4j,u)|. out for simplicity in this report we
assume that isyt = sy} = {.)

A filter can only produce a negative phase-slope, however, so before it can be
applied, the phase~difference surface in fig 9 must be rotated about the ¢; axis so
that all slopes parallel to the frequency axis are positive within the sector over which
wideband nulling is required.  Simply changing the group-delay difference ¢D will
achieve this. A positive slope of &, parallel to the frequency axis requires the
secondary channel path-length to be shorter than that of the main, which is (2h-p)
cos 8. Therefore, if wideband nulling is required for all angles within fi., of
boresight, Iy must not be greater than (2h - pJcos;,., metres in length. is may
be shorter than was found permissible for the sing{e phase-shifter system considered
in section 2.3, and could result in a path-length mismatch for small ¢; that would
severely degrade the nulling bandwidth of such a system. Here, however, we are
relying on the filter to be able to insert the necessary group-delay to make up the
difference. Substituting ly = (2h - p)cos fimax in (13), the rotated phase~difference
surface becomes

bw
6\,~(6j,6u) - - = (2h - p)(cos(‘jmax - cosﬂj). (14

Within the sector *f;.,,,, of interest, the maximum path-length difference now occurs
at boresight, fj = 0," for which the phase difference as a function of frequency is

5,(0, bw) = - i_w (2h - p)(cosﬂjmax - 1).




Nulling of all jamming components within some bandwidth *éwmax Will
be required. The maximum phase difference that the filter must correct
is therefore.

dw
s _mmax - -
6¢max - 5p(0, = 6wmax) -t = (2h p) (1 cosﬂjmax)

(15)

An example of a rotated phase—difference surface for the BYSON system is
shown in fig 10. To allow wideband nulling within a *60° sector, 13 is made
(2h-p)/2 metres in length. It can be seen that the phase-slope with frequency is
zero at 60" and is positive elsewhere, being maximum at boresight. The maximum
phase differences *8,om,y Over a 10 MHz band are :32°. For other sectors *fimax
of interest, dpmax Over a 10 MHz bandwidth is plotted in fig 11.

A transversal filter is the most convenient way of synthesizing any required
phase response. We shall limit our attention to the simplest type, shown in fig 12
This has just two coefficients or adjustable "weights" W, and Wiy, and a fixed line

producing delay r. The weights are not just phase—shifters, but are generaliy
complex, adjustable in both gain and phase~shift. The question to be answered 1is
what settings of W, W; and r optimise nulling performance. It should be

remembered that we are not concerned here with the mechanisms by which such
weights are set (i.e the adaptive algorithms), but only whether it is possible 10 sct
them and 7 in such a way as to increase the cancellation bandwidth above thuat
which can be achieved with a single phase—shifter.

3.2 Theory of Transversal Filter

The transversal-filter literature is not very helpful for this application because 1t
is generally concerned with achieving a specified amplitude rather than
phase-response.  The resulting phase-response is only a by-product of the design
procedures described. Fortunately, the simple filter of fig 12 is easy to analyse

In an SLC, the filter essentially has two functions, and these are best illustrated
by redrawing it as in fig 13. The phase—shift in W'y does a similar job to that in
the systems considered in section 2, matching the phase of jamming at wj in the
main and auxiliary channels. The second part of the filter produces a variable phase
slope with frequency, by adding in a delayed version of the jamming components
The relative phase of these components has a negative linear slope fixed by . By
adjusting the amplitude gain of W°;, however, the amount of these components that
is added to those coming directly through the second part of the filter can be varied
In this way, the phase slope of the resultant components, although nonlinear with
frequency, can be varied in principle to any negative value. However, the addition
of components whose relative phase varies with frequency gives them a
frequency-dependent power spectrum. Since they are to be subtracted from those in
the main channel, which have a flat power spectrum in our simple model, their
spectrum must not vary by more than one thousandth of its peak power across the
signal bandwidth of the radar if 30 dB nulling of all of them is to be achieved.
This constraint limits the maximum phase-slope possible with a transversal-filter
system.

In order to decide what the optimum settings are. we must first derive
expressions for the output of the second part of the filter shown in fig 13. Conude:
a signal s;, = eJ“t.  The output consists of two terms corresponding to the two paths
by which input reaches output.

10




.

s - ert(l + w] e—jwr)

Let W. = A e . where A1 is positive real.

R jlpy-wr)
Then s - e""')t 1 + Ae !
out 1

That the output consists of two components is well illustrated by the phasor diagram,
fig 14. The angle of the second component is a function of input frequency w, with
gradient -r.  This is responsible for the change of phase with frequency of the
resultant.

The output power is

[s [2 = s s* - 1+ A2 + 2A cos(wr - ) (16
out out ~out ] 1 "1

The phase of the output. <s, ;. is obtained from fig 14 using the sine rule.

sm(;1 - uwr) ) Sln(<50u[)
A
[ou !
2 A]sln«'yl - wT) }
<s = s5in [
out ¥ 3
\/ 1 + Al + 2Alcos(wr - ;1)

This is a function of frequency, as required, which can be varied with the parameters
Ap. v and - We now investigate constraints on the response Sppt. 10 find the
optimum values of these parameters.

3.3 Choice of Parameters

Since the output power-response of the filter (16) is symmetrical about its peuk
at w = py/7, we could choose 1 = «jv to put the peak response at the centic
jamming-frequency «;. This effectively lines up the two component phasors in fig 14
at band-centre. Then, from (16) and (17),

2 2 .
Isoml - 1+ A} + 2A cos(sur) (18}

-1 Azsin(-6w7)

and <s =~ sin (19,
out

1 + Af + 2AICOS(6uT>

11




The phase transfer—function <sg;, must be capable of mirroring the slope of a
phase-difference surface such as in fig 10 for any particular 4;: it must be as nearly
linear as possible, zero at éw = 0 and adjustable from zero 10 8omyax respectively
of the frequency band of interest. (épmax is defined in (15).) Adjustment of the
maximum phase—transfer angle at the band-edge is achieved by varying Ajp between
zero and some value Ajng.y. From fig 14, it is clear that a required <sg at
frequency éw can be achieved by different combinations of Ay and 7. We show
now, however, that there is a definite upper limit to the value of 7 that will allow a
range of phase—transfer functions to be achieved with acceptable power-transfer
functions as well.. This maximum value, 7may, TeSults in the largest possible spread
of phase-transfer functions and therefore in jamming being nulled over the largest
possible sector.

The power-transfer function (eqn 18), if A is non-zero, decreases
symmetrically with frequency offset sw (from w;) either side of zero. For the SLC
to suppress all frequency components of jamming within the signal bandwidth by 30
dB or more, the amplitude response of the auxiliary filter at the edge of the band
must not be less than 1 —, 0.001 or 0.97 of that at the centre. The diagram of fig
15, which is based on the phasor diagram, fig 14, is useful for investigating the
response of the filter with various combinations of Ay and 7. The circle with radius
1 + A; represents the peak amplitude response of the filter whatever the value of
A;. (The point with absolute vaiue 1 will therefore change position on the real axis
as A; is varied)) That with radius (1 - €)1 + Aj) represents the minimum
acceptable amplitude response (for nulling of at least 30 dB, ¢ = , 0.001). For a
particular combination of A and 7, the tip of the phasor sy, should stay between
the two circles as « varies. It should stay there, furthermore, once r is fixed at
Tmax and A; is subsequent varied to allow jaming from different directions to be
nulled.

Consider the phasors shown to represent conditions at the edge of the band,
where 60 = - dwmpax.  Sour Must have the same phase as the band-edge component
of jamming from a particular direction. Now consider the isosceles triangle with twc
sides of length Aj. Its apex angle, - buwmpyy7. depends only on sy, relative to
its peak value 1 + A; and on <5y, In the position shown, with minimum
acceptable sy, 1 and with the base of the triangle forming a tangent to the inne:
circle, the apex angle is smaller than for any other angle of sg,. although if A,
were 10 be increased, to increase ISy, but keep <s,,, constant, the apex angle
would decrease further. For the situation shown, therefore, the maximum permissible
apex angle is

- duw 7T = r—ZSin_l(l-()
max

Even if a larger <sj,,, at band-edge is required for some angles of jamming, r must
not be increased beyond

. -1
. - 7 - 2sin (1 - €) (200
max - bu
max

otherwise [sg,! at the angle <s,,, shown would be unacceptably low however large
A; was made. Equation 20 shows, surprisingly, that 7., depends on no parameters
of the system apart from the bandwidth and the nulling criterion for the edge of the
band. A plot of 7,5, vs nulling criterion for a 10 MHz bandwidth system is given
in fig 16.
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With the value of 7p,, determined by (20), the locus of the tip of s, at
band-edge follows the tangent to th. inner circle shown in fig 16 as A; is varied.
With Ap at its largest practicable vaiue (assuming this is >> 1), (<sgyudmax = -

d¢max? max-

This is the largest phase-shift that the filter can produce at band-edge, and
thus determines the angular sector over which 10MHz-bandwidth nulling of jamming
can be achieved. Using (15),

bw
max
T axTmax © max T~ P 2h - py(1 - cosejmax).
-1 " max®
6. = cos 1 -
Jmax Zh - p

Unlike 7max, #jmax is affected by the dimensions of the system. The fundamental
relationship for the 2-tap transversal-filter SLC system is obtained by substituting for
Tmax from (20). This gives

. =1 .
pjmax _ cos—l {1 _cfr - 2sin (1 - €)] ] 21

6umax(2h - p)

which is the relationship between the nulling criterion and the angular sector over
which that criterion is satisfied. A plot of 6imn,, vs the criterion for nulling over a
10 MHz bandwidth with the BYSON system ‘is given in fig 17. It shows that for
30 dB of nulling, sy = 56 degrees, which is double that of the system without
the transversal filter "considered in section 2.3. If the factor 2h—p were reduced to
h, as recommended in section 2.3.2, £..... would increase to 78, defining a sector
that covers practically the whole of real azimuth.

Having fixed r and adjusted A; so that the amplitude response of the filter is
sufficiently flat across the band, we must check that the phase response is sufficiently
linear with these parameters. The departure from linearity is given by subtracting
the linear term from <sg,, in (19). It is not easy to analyse, but numerical
computations show that it is negligible for all likely values of A; and . The
amplitude-response requirements therefore appear to be a tighter constraint on the
filter parameters than the phase-response requirements.

This completes the investigation of transversal-filter behaviour. We have not
set out to develop a design procedure because the weights would be adjusted
automatically by the adaptive algorithm. We have merely investigated how to set -
and over what angular sector and bandwidth the system should then achieve nulling.
We finish this section by discussing the implications of setting 7.

In an analogue SLC system, where the signals are continuous in time, the delay
7 would be produced simply by a delay line. In a digital system, however, signals
are discrete in time, and only valid at the sampling times. Fig 16 shows that 1
should generally be shorter than the sampling period, which would be around
7/ bwmay (i.e 50ns for a 10 MHz bandwidth) to satisfy the Nyquist criterion. It
would be most convenient if r could be made equal to the sampling period. so that
the filter would consist simply of adding together weighted, adjacent samples.
Unfortunately, such a delay produces a phase-shift swr of 180" for signals of
frequency—offset * bup,,y from band-centre. But, rearranging (20),
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which for dwr = x radians is zero. (1 - ¢) is the radius of the inner circle in fig
15, and a value of zero implies that at some jamming direction, no cancellation at
all is achieved at the edge of the band. This is confirmed by fig 16. The fact that
the direction at which the poorest canceliation occurs may be outside real space if
the electrical dimensions of the system were small is beyond the scope of this report.

A polar diagram such as in fig 18 could be used to investigate whether
particular values of 7 in a particular system would allow adequate nulling to be
achieved over an adequate real sector. It is based on fig 15. Radial lines are
drawn at various angles representing the maximum phase-shift &pm,x required at the
edge of the band for various directions #; of jamming. Their angles are calculated
from (15) and are particular to the system being considered. Those shown are for
BYSON. They represent a mapping of real azimuth from boresight of the system
onto the polar diagram. Next, a straight line is drawn from the edge of the diagram
at 0° to the edge of the diagram at angle dwpax7 (for 7 corresponding to the
period between Nyquist samples, this angle would be 180°). The line shown
corresponds to the period between samples taken at twice the Nyquist rate. At any
point along the line, the cancellation at band-edge and the azimuth at which that
cancellation would occur can be read off.

4  DISCUSSION AND CONCLUSIONS

This report has aimed to illustrate some methods by which the performance of an
SLC system can be analysed. The methods are based on simple geometry, not on
adaptive—processing theory, but nevertheless allow the performance of particular systems to
be predicted and the effects of parameter-variation to be studied.

The simplest SLC consists of a main antenna and a single auxiliary with adjustable
gain and phase-transfer, i.e with one complex degree of freedom. Gain-control
considerations may be neglected by considering that both antennae have identical beam
patterns.  In a real system, the auxiliary gain would be adjusted to match that of the
main antenna in the direction of jamming. (It is not sensible to consider this system
nulling more than one jammer.) The phase-shifter setting has more effect on the
performance of the SLC and this may, at least to a first approximation be separated from
that due to the gain setting. The angular width over which cancellation is effective is of
interest because, for example, a near—field point source such as might be used for testing
the SLC appears to occupy a sector of the far—field. Of even more interest is the
frequency bandwidth over which cancellation is effective. The SLC should be capable of
jamming over the signal bandwidth of the radar. Expressions have been derived for the
angular width and frequency bandwidth of the null.  The surface of phase-difference
between the various frequency-components of jamming in the main and auxiliary channels
as a function of their frequency and the direction of jamming ilustrates why the nulling
bandwidth is limited, particularly for jamming from directions away from boresight.

A real system in which the main antenna consists of a reflector with a horn at its
focus does not conform to the simplest SLC model. The considerable path-length
difference between main and auxiliary channels due to the extra distance to and from the
reflector has a severe effect on bandwidth performance. A compensating delay-line must
be inserted in the auxiliary channel. The modified expressions for angular width and
bandwidth of null show, however, that this system, which commonly has the auxiliary to
one side of the boresight line of the main antenna, suffers from asymmetrical performance
either side of boresight.
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A symmetrical system should have the auxiliary in the vertical plane of boresight, but
displaced from the centre line to avoid obscuring the main reflector.  The horizontal
distance between main and auxiliary horns may be under the control of the SLC designer,
in which case the best practicable position for the auxiliary horn is directly above or
below the main reflector.  Expressions have been derived for the angular width and
bandwidth of the null. The compensating delay-line in the auxiliary channel should be
made as short as possible while still allowing adequate bandwidth at boresight.  This
arrangement maintains the required bandwidth over the largest possible sector for an SLC
system with one degree-of-freedom. For a system based on BYSON, 10 MHz nulling
bandwidth could be maintained for all angles within 27  of boresight, or 37" if the
auxiliary could be positioned as recommended above.

Bandwidth performance remains limited, however, by the large dimensions of the
system that are beyond the SLC-designer’s control. The phase—difference surface shows
that it can be improved by using a transversal filter in the auxiliary channel which can
adjust its phase-transfer as a function of frequency. (The adaptive processor would make
the appropriate adjustment.) The simplest transversal filter has just two complex degrees
of freedom, or weights. One of these adjusts the gain and phase-transfer of the auxiliary
channel 10 match those of the main channel at the centre jamming-frequency. The other
adjusts the relative phase of other jamming frequencies to match that of those in the
main channel.

Nulling bandwidth is still limited, however, not so much by the small remaining
mismatch of phase between jamming components in the main and auxiliary channels, but
more by the fact that the amplitude response of ihe filter rolls off towards the
band-edges for most settings of the weights. If a certain minimum cancellation is to be
maintained across the band for all directions of jamming within a sector round boresight,
then the intertap delay in the filter cannot exceed a certain value. An expression has
been derived for the maximum permissible intertap delay, which shows it to depend on no
parameters of the system apart from the bandwidth required and the minimum acceptable
nulling over that bandwidth. The values obtained are generally much less than the period
between Nyquist samples, making an analogue implementation of the filter more practicable
than a digital one. It might be possible to devise a digital filter in which the delay is an
analogue component, used to stagger the clocks of two analogue~to-digital convertors
sampiing at the Nyquist rate, for example.

A mapping has been derived between the jammer's angle of incidence from boresight
and the maximum phase—shift required at band-edge relative to that at centre frequency
As the angle ~f incidence increases in either direction from boresight, the modulus of the
filter's second weight must be increased from zero to achieve the appropriate phase—shift
at band-edge. However, because of the necessary limit on intertap delay described above,
and a practical limit on the weight modulus, the maximum phase-shift across the band is
limited and so therefore is the angular sector over which nulling can be achieved. The
size of the sector depends on the dimensions of the antenna system. For BYSON, it is
55° either side of boresight, although repositioning of the auxiliary horn could lead to
adequate performance at all azimuths. For smaller-geometry systems, adequate nulling
might be achieved over a sector wider than the real azimuth-space, in which case the
intertap delay could be increased beyond the recommended maximum and the variation of
weight-modulus reduced accordingly. It should be noted, incidentally, that a large
modulus of the second weight would not necessarily lead to increased thermal noise
transmission because the modulus of the first weight would be reduced to make the overall
gain of the auxiliary channel match that of the main in the direction of jamming. The
overall auxiliary gain would determine the amount of noise injected into the output.

The analysis methods used in this report can be applied only to simple systems. If,

for example, a system with more filter taps were to be analysed, Fourier transform
methods would be more appropriate. One issue to pursue is whether increasing the
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number of taps allows a longer intertap delay to be used, perhaps even the Nyquist
sampling interval in the limit. Since Nyquist samples in principle contain all the
information about a signal, it should be possible to use these alone to synthesise the
signals with the smaller time-difference required by the two-tap filter. It should be
possible to derive the number of such samples required.

Even for simple systems, the analysis methods here must be used for quantitative
results with caution because they separate the effects of amplitude and phase mismatch
between main and auxiliary channels. In practice, the adaptive processor minimises
jammer power at the output of the SLC by a combined adjustment of the auxiliary's
amplitude and phase response.

Finally, the variation of relative phase with frequency between the channels analysed
here and illustrated by the phase-difference surface only takes into account dispersion due
to the electrical spacing of the main and auxilizry horns  Other effects can add to the
variation. The use of a transversal filter to compensate for the additional variation due to
multipath has been examined by Morgan and Aridgides [S], who conclude that a large
number of taps may be iequired, again separated by considerably less than the Nyquist
interval. A further variation may be due simply to mismatches in the frequency response
of the two channels. It seems inappropriate to apply an adaptive filter to correct these,
when occasional calibration should be adequate.
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FIGURE 4 Schematic model of practical SLC.
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